Loss of CD44 attenuates aberrant GM-CSF signaling in Kras G12D hematopoietic progenitor/precursor cells and prolongs the survival of diseased animals CD44 is a transmembrane glycoprotein expressed on the surface of many cell types including the majority of myeloid cells and early thymic T-cell progenitors. 1 As a cell adhesion molecule, CD44 is differentially required for the adhesion and mobility of different leukemia-initiating cells. In animal models of BCR-ABL-induced human hematopoietic malignancies, CD44 is required for the homing and engraftment of chronic myeloid leukemia-initiating cells, but is dispensable for the engraftment of B-cell lymphoblastic leukemia-initiating cells. 2 In contrast, in an animal model of human acute myeloid leukemia, a CD44-activating antibody eradicates leukemia-initiating cells partially by interfering with their interaction with the microenvironment.
3 CD44 is also an important regulator of cell signaling and regulates signaling cascades in various ways. 1 For example, CD44 can provide specialized platforms for growth factors and matrix metalloproteinases, act as a coreceptor in many receptor complexes and/or organize signaling cascades through association with cytoskeleton.
During tumorigenesis, various signals have been implicated in regulating CD44 expression and/or its alternative splicing. A positive-feedback loop has been identified to couple the activation of Ras/ERK signaling and induction of CD44 expression, in particular expression of its splicing variant v6. 4 Ras signaling promotes CD44v6 expression, and in turn CD44v6 sustains late Ras signaling. Consistent with this finding, we and others previously reported that CD44 is invariably overexpressed in T-cell acute lymphoblastic leukemia/lymphoma (T-ALL) induced by endogenous oncogenic Kras (Kras G12D) or oncogenic Nras. [5] [6] [7] Under physiological conditions, CD44 is only transiently expressed in early thymic T-cell progenitors at the CD4, CD8-double negative 1 (DN1) and DN2 stages. However, in T-ALL patients, CD44 is often expressed in the tumor T cells. Expression of CD44 correlates with increased numbers of circulating blasts, as well as tissue infiltration, 8 and is a negative prognostic factor. 9 Activation of CD44 enhances DNA repair and thus protects T-ALL cells from chemo/radiation therapy-induced apoptosis. Consistent with this finding, blocking of the CD44 function by IM7 antibody sensitizes T-ALL cells to dexamethasoneinduced apoptosis. Despite the apparently necessary role of CD44 in some types of cancers, CD44 is dispensable in normal cells as mice develop and survive well in the absence of CD44. 10 This makes CD44 an attractive target for treating CD44 þ cancers. Given the important role of CD44 in homing and engraftment of tumor cells, as well as in modulating cytokine signaling, we asked whether and how CD44 deficiency affects Kras G12D-induced hematopoietic malignancies. To address these questions, we generated LSL Kras G12D/ þ ; Mx1-Cre mice and LSL Kras G12D/ þ ; Mx1-Cre; CD44
À / À mice ( Figure S1A ). Administration of polyinosinic-polycytidylic acid (pI-pC) in these compound mice induces expression of Kras G12D. We refer to these pI-pC-treated compound mice as Kras G12D and Kras G12D; CD44 À / À mice, respectively, and pI-pC-treated Mx1-Cre or wild-type mice as control mice throughout this paper.
After acute induction of Kras G12D expression in whole bone marrow cells, both Kras G12D and Kras G12D; CD44 À / À mice showed marked splenomegaly, which is characteristic of myeloproliferative neoplasm (MPN) (Figure 1a and Figure S1B ). However, the average spleen weight of Kras G12D; CD44 À / À mice was significantly lower than that of Kras G12D mice, suggesting that CD44 deficiency attenuates but does not completely prevent acute MPN development in Kras G12D mice. Consistent with this finding, Kras G12D; CD44 À / À mice indeed survived significantly longer than Kras G12D mice (Figure 1b) . At the moribund stage, these two groups of mice showed comparable MPN phenotypes ( Figure S2 ).
To investigate whether the diminished MPN phenotypes observed in Kras G12D; CD44 À / À mice are owing to reduced cytokine signaling, we analyzed granulocyte-macrophage colonyforming factor (GM-CSF)-and interleukin-3 (IL-3)-evoked ERK1/2 and STAT5 activation in both c-Kit þ Lin À /low cells (R1, enriched for myeloid progenitors) and c-Kit À Lin À /low cells (R2, enriched for myeloid precursors), 11 as well as stem cell factor (SCF)-evoked AKT activation in R1 cells. Our results show that CD44 deficiency greatly attenuates aberrant GM-CSF signaling in Kras G12D myeloid progenitor/precursor cells, while it has no significant effect on IL-3-and SCF-evoked signaling in Kras G12D cells (Figure 1c and Figure S3 ). Together, these results demonstrate that CD44 deficiency compromises some but not all of the cytokine signaling in Kras G12D cells, which might contribute to the moderate attenuation of MPN phenotypes in Kras G12D; CD44 À / À mice. In a bone marrow transplantation model, mice receiving Kras G12D cells develop a highly penetrant T-ALL with a low incidence of MPN. The possible reasons leading to this drastic phenotypic switch are extensively discussed in previous publications. 6, 12 We found that only Kras G12D hematopoietic stem cells (HSCs), but not other lineage-committed progenitors, initiate both MPN 6 and T-ALL in recipient mice (Table S1 ), indicating that in Kras G12D model, genetically altered HSCs are the cell origin for both MPN and T-ALL. Therefore, we next determined whether loss of CD44 affects the properties of Kras G12D HSCs. Surprisingly, CD44 is dispensable in Kras G12D HSCs. CD44 deficiency did not affect the (Figure 2d ), all these mice developed T-ALL and 19% of them developed MPN simultaneously, similar to the mice injected with Kras G12D cells (Figure 2e and Figure S5 ). These results suggest that CD44 is also dispensable for the homing and engraftment of Kras G12D HSCs.
To determine whether the prolonged survival observed in recipient mice with Kras G12D; CD44
À / À cells is because of reduced cytokine signaling, for example, GM-CSF signaling, we repeated the same transplantation experiment using Kras G12D cells deficient for the common b-subunit of GM-CSF receptor (Kras G12D; bc À / À cells) (Figure 2d ). Consistent with our signaling and survival studies in primary non-transplanted mice (Figure 1 ), these recipient mice indeed survived longer than those with Kras G12D cells, but comparable to those with Kras G12D; CD44 À / À cells. Therefore, our data suggest that loss of CD44 prolongs the survival of recipient mice in a cell-autonomous manner and the extended survival is likely through downregulating GM-CSF signaling rather than impairing the homing and engraftment of Kras G12D HSCs.
Although overexpression of CD44 is observed in all Kras G12D-induced T-ALL tumors, 5, 6 apparently T-ALL formation can occur in the absence of CD44 ( Figure S5 ). As multiple types of Notch1 mutations have been reported in mouse T-ALL tumors, 13 including Kras G12D-induced T-ALL, 5, 7, 12 we examined Notch1 mutations in Kras G12D; CD44
À / À -induced T-ALL tumors ( Figure S6 ). We found that 6/6 tumors bear heterozygous Type 1 deletion, 1/6 tumor carries Type 2 deletion and 4/6 tumors have insertions at the PEST domain of exon 34. These Notch1 mutation frequencies and types are similar as those identified in Kras G12D T-ALL (our unpublished data), suggesting that hyperactivation of Notch1 co-operates with Kras G12D to drive T-ALL formation regardless of the expression status of CD44. Moreover, the majority of tumor samples have two different types of Notch1 mutations. It is not clear whether this is because of incremental Notch1 activation in the same cells and/or presence of multiple clones in these tumor samples. However, on the basis of the relative intensities of these mutations, we favor the possibility that Type 1 deletion and exon34 mutations target almost all T-ALL cells, whereas Type 2 deletion is only acquired in a fraction of tumor cells.
Although CD44 is not required for the homing and engraftment of Kras G12D HSCs, blocking CD44 activity using CD44-blocking Figure 1 . Loss of CD44 alleviates the acute MPN phenotypes in Kras G12D mice and attenuates aberrant GM-CSF signaling in Kras G12D cells. Five-to seven-week-old mice were injected with pI-pC as described in Supplementary Materials and Methods. Two days after the second pIpC injection, various hematopoietic tissues were collected for analysis. Kras G12D and Kras G12D; CD44 À / À refer to pI-pC-treated compound mice. (a) Splenomegaly in Kras G12D and Kras G12D; CD44 À / À mice. Results are presented as scatter plots of the spleen weight of individual animals with mean ± s.d. Student's t-test was performed: *Po0.05. (b) Kaplan-Meier survival curves were plotted against days after the first pIpC injection. P value was determined by the log-rank test. (c) Total bone marrow cells were serum-and cytokine-starved for 1 h and stimulated with various concentrations of GM-CSF (0, 0.16 and 2 ng/ml) or IL-3 (0, 1 and 10 ng/ml) at 37 1C for 10 min. Levels of phosphorylated ERK1/2 and STAT5 were measured using phospho-specific flow cytometry. Non-neutrophil bone marrow cells were gated for data analysis. Myeloid progenitors are enriched in c-Kit þ Lin -/low cells (R1), whereas myeloid precursors are enriched in c-Kit -Lin -/low cells (R2). To quantify the activation of ERK1/2 and STAT5, median intensities of p-ERK or p-STAT5 at different GM-CSF or IL-3 concentrations in different groups of animals are compared with those of their respective control cells at 0 ng/ml, which are arbitrarily set at 1. Data from more than three independent experiments are shown as mean ± s.d. Red asterisks indicate significant differences of Kras G12D cells compared with the control cells (unspecified or specified with brackets) or Kras G12D; CD44 À / À cells (specified with brackets), whereas blue asterisks indicate significant differences of Kras G12D; CD44 À / À cells compared with the control cells (Po0.05).
antibodies (IM7 and KM114) in Kras G12D T-ALL cells greatly impaired their homing to bone marrow ( Figure S7 ), suggesting a gained dependence on CD44 function in tumor cells. IM7 is a pan-CD44-blocking antibody that sheds membrane expression of CD44, 14 while KM114 only blocks the interaction of CD44 to hyaluronic acid. 15 After being normalized to the ratio of input cells, the homing index was o0.2 in T-ALL cells incubated with IM7 and B0.5 in cells incubated with KM114. These results indicate that CD44-mediated homing is partially through the interaction of CD44 to hyaluronan and interaction of CD44 to other cellular matrix proteins is also important in this process. However, because of the limitation of the experimental systems, it is difficult to further evaluate the significance of this short-term homing defect on long-term tumor development in vivo.
In summary, our results elucidate the function of CD44 at different stages and in different populations of cells during Kras G12D-mediated leukemogenesis (Figure 3) . In contrast to previous reports that CD44 has an important role in human AML 3 and CML 2 as a cell-adhesion molecule, we found that CD44 modulates Kras G12D-mediated MPN and T-ALL as a signaling regulator. Our results emphasize the complex functions of CD44 during leukemogenesis induced by different genetic lesions, and provide an additional avenue for exploration of CD44 as a target for leukemia therapy.
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